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(57) ABSTRACT

An interferometer for controlling the coalescence of a pair of
photons, including: an optical source, which generates a first
and a second pump pulse coherent with each other and shifted
in time by a delay; and a first interferometric stage, which
receives the first pump pulse and generates an antisymmetric

state with two coalescent photons (1/V/2(12,,0,) -10,,2,))).
The interferometer also includes a second interferometric
stage, which receives the second pump pulse and generates a
symmetric state with two coalescent photons (l/\/7~(l21,

0,) +10,,2,))), the first and the second interferometric stages
being connected in a manner such that the interferometer
outputs a final state equal to a weighted sum of the antisym-

metric state and of the symmetric state (1/V2-(12,,0,) +10,,

2,4+ 1NV2(12,,0,) -10,,2,))), the weights of the sum
being a function of the delay.
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1
INTERFEROMETER AND METHOD FOR
CONTROLLING THE COALESCENCE OF A
PAIR OF PHOTONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to Italian Patent Applica-
tion No. TO2011A000602 filed on 8 Jul. 2011, the contents of
which are incorporated herein, in their entirety, by this refer-
ence.

TECHNICAL FIELD

The present invention relates to an interferometer and
method for controlling the coalescence of a pair of photons.

BACKGROUND

As is known, devices have been proposed that are able to
reveal the quantum behaviour of Nature. In particular, devices
are known that enable detection of the quantum behaviour of
particles such as, for example, photons. The operation of
these devices is based on single or multiple photon state
processing and finds application in particularly advanced sec-
tors such as, for example, quantum computing, quantum
cryptography, quantum communications and even random
number generation.

In particular, the so-called Hong-Ou-Mandel interferom-
eter, also known as the HOM interferometer, is also known, an
example of which is shown in FIG. 1, where it is indicated
with reference numeral 1.

In detail, the HOM interferometer 1 comprises an optical
source 2, a crystal 4, a delay line 6, a polarization phase-
shifter 8, first and second mirrors 10, 12 and an optical beam
splitter 14. The HOM interferometer 1 also comprises a beam
stopper 16.

In greater detail, the optical source 2 is a coherent type of
source, such as a laser source for example.

The crystal 4 is an optically non-linear crystal such as, for
example, a non-centrosymmetric crystal (for example, a crys-
tal of barium borate, BBO), and is aligned with the optical
source 2.

The delay line 6 is of the optical type and is formed, for
example, by a so-called optical trombone. In use, when it is
crossed by a photon, the delay line 6 delays it for a predeter-
mined time.

Whereas with regard to the polarization phase-shifter 8,
this is formed by a birefringent crystal, which delays photons
having different polarizations differently, namely by intro-
ducing controlled phase shifting, typically not greater than
the wavelength of the photons. For example, the polarization
phase-shifter 8 can be voltage controlled.

In greater detail, the crystal 4 defines, together with the
delay line 6, the polarization phase-shifter 8 and the first
mirror 10, a first optical path 20. The crystal 4 also defines,
together with the second mirror 12, a second optical path 22.
The delay line 6 is able to alter the optical length of the first
optical path 20 with respect to the second optical path 22.

The optical beam splitter 14 is of the so-called 50/50 type
and has a first and a second input and a first and a second
output. From the classical point of view, given an incident
signal on any input of the first and second inputs, two signals
will be generated on the first and second outputs of the optical
beam splitter 14 having power half that of the incident signal.
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2

The first and second optical paths 20, 22 are optically and
respectively connected to the first and second inputs of the
optical beam splitter 14.

Operationally, the optical source 2 is able to emit electro-
magnetic pulses formed of photons at the same frequency,
which are commonly referred to as pump photons; these
electromagnetic pulses, and therefore the pump photons,
impinge on the crystal 4.

In particular, assuming that a pump photon impinge on the
crystal 4, due to the phenomenon of spontaneous parametric
down-conversion (SPDC), the crystal 4 can generate a pair of
converted photons, one of which propagates along the first
optical path 20, while the other propagates along the second
optical path 22. Instead, in the case where there is no sponta-
neous parametric down-conversion, the pump photon passes
through the crystal 4 and is absorbed by the beam stopper 16,
which, for this purpose, is arranged in front of the crystal 4,
with which it is aligned.

In the case where two converted photons are generated,
both of them propagate until reaching a respective input of the
optical beam splitter 14. In this regard, generally, but not
necessarily, the optical beam splitter 14 is formed by a pair of
prisms suitable for receiving electromagnetic signals that
propagate in free space, such that the term “input” implies a
corresponding direction of propagation of an electromagnetic
signal or a photon that impinges on the optical beam splitter
14, while the term “output” implies a corresponding direction
of propagation of an electromagnetic signal or a photon that
moves away from the optical beam splitter 14.

The term “first converted photon” is used to indicate the
photon of'the pair of converted photons that propagates along
the first optical path 20; this photon arrives at the first input of
the optical beam splitter 14 after having passed through the
delay line 6 and the polarization phase-shifter 8, and also after
being reflected by the first mirror 10. Furthermore, when the
first converted photon impinges on the optical beam splitter
14, it can, alternatively and with the same probability, pass
through the optical beam splitter 14, leaving from the first
output of the optical beam splitter 14, or be reflected by the
optical beam splitter 14, leaving from the second output of the
optical beam splitter 14.

Similarly, the term “second converted photon” is used to
indicate the photon of the pair of converted photons that
propagates along the second optical path 22; this photon
arrives at the second input of the optical beam splitter 14 after
being reflected by the second mirror 12. Furthermore, when
the second converted photon impinges on the optical beam
splitter 14, it can, alternatively and with the same probability,
pass through the optical beam splitter 14, leaving from the
second output of the optical beam splitter 14, or can be
reflected by the optical beam splitter 14, leaving from the first
output of the optical beam splitter 14.

In other words, in the case where the first converted photon
passes through the optical beam splitter 14, it does not change
its direction of propagation. Conversely, when the first con-
verted photon is reflected by the optical beam splitter 14, the
direction of propagation is changed. Furthermore, the crystal
4, the first and second mirrors 10, 12 and the optical beam
splitter 14 are arranged such that, in case of reflection, the first
converted photon propagates with a direction of propagation
equal to the direction of propagation with which the second
converted photon impinges on the optical beam splitter 14.

Completely symmetrical considerations can be made
regarding the second converted photon. In fact, in the case
where second converted photon passes through the optical
beam splitter 14, it does not change its direction of propaga-
tion. Conversely, when the second converted photon is
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reflected by the optical beam splitter 14, the direction of
propagation is changed. Furthermore, the crystal 4, the first
and second mirrors 10, 12 and the optical beam splitter 14 are
arranged such that, in case of reflection, the second converted
photon propagates with a direction of propagation equal to the
direction of propagation with which the first converted pho-
ton impinges on the optical beam splitter 14.

Thus, in the case where first converted photon passes
through the optical beam splitter 14 and the second converted
photon is reflected by the optical beam splitter 14, they sub-
sequently propagate along a same direction of propagation
(first output of the optical beam splitter). Similarly, in the case
where the first converted photon is reflected by the optical
beam splitter 14 and the second photon passes through the
optical beam splitter 14, they subsequently propagates along
a same direction of propagation (second output of the optical
beam splitter).

In order to detect the quantum behaviour of the photons, it
is possible to prepare a first and a second photodetector 30,
32, both ofthe single photon type, i.e. able to detect individual
photons. For example, the first and second photodetectors 30,
32 could be Geiger-mode avalanche photodiodes, also known
as single-photon avalanche photodiodes (SPAD).

The first photodetector 30 is placed to detect the first con-
verted photon if it passes through the optical beam splitter 14
and the second converted photon if it is reflected by the optical
beam splitter 14. Similarly, the second photodetector 32 is
placed to detect the first converted photon if it is reflected by
the optical beam splitter 14 and the second converted photon
if it passes through the optical beam splitter 14.

There are therefore four different possible scenarios for
output from the optical beam splitter 14, detectable by using
the first and second photodetectors 30, 32 and known as
Feynman paths:

a) both the first and second converted photons pass through
the optical beam splitter 14;

b) both the first and the second converted photon are
reflected by the optical beam splitter 14;

c) the first converted photon passes through the optical
beam splitter 14, while the second converted photon is
reflected by the optical beam splitter 14; and

d) the second converted photon passes through the optical
beam splitter 14, while the first converted photon is reflected
by the optical beam splitter 14.

From the quantum viewpoint, assuming (temporarily) for
simplicity that the first and second converted photons have the
same polarization, and assuming that the delay line 6 and the
polarization phase-shifter 8 are such as to compensate pos-
sible differences in length between the first and second optical
paths 20, 22, in a manner such that the first and second
converted photons impinge on the optical beam splitter 14 at
the same time, contrary to that foreseen by classical optics, it
is found that scenarios a) a b) can never occur. In other words,
the first and second converted photons always find themselves
on the same output of the optical beam splitter 14. In particu-
lar, the probability that the first and second converted photons
are on the first output of the optical beam splitter 14 is 0.5, and
the probability that they are on the second output of the
optical beam splitter 14 is 0.5.

Thus, the first and second converted photons cannot both
be reflected or both be transmitted, and therefore both be
detected by the same photodetector, whether this be the first
photodetector 30 or the second photodetector 32. By moni-
toring the first and second photodetectors 30, 32, a total lack
of coincidence between their measurements is therefore veri-
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fied. This is due to destructive interference between different
alternatives; in the case in point, between scenario a) and
scenario b).

In general, the described phenomenon is usually referred to
as coalescence, or that the first and second converted photons
are coalescent.

More precisely, the phenomenon of coalescence of a pair of
photons occurs when, as in the example described, it is not
possible to distinguish between scenario a) and scenario b),
for example, by measuring different arrival times of the first
and second converted photons at the first and second photo-
detectors 30, 32.

According to one interpretation of the phenomenon of the
coalescence of two photons, the optical beam splitter 14 is a
linear device capable of discriminating between symmetric
states, namely between invariant states with respect to par-
ticle exchange, and asymmetric states, also known as anti-
symmetric states.

In detail, a state of a system with two photons having the
same polarization is symmetric, precisely because it is invari-
ant with respect to the exchange of the two photons. In fact,
when two photons impinge on two different inputs of an
optical beam splitter of the 50/50 type, they are propagated
together in output from the optical beam splitter, along the
same direction.

By using the so-called Dirac notation, the input state to the

optical beam splitter 14 is normally indicated I1,) 11,), where
the subscripts “1”” and “2” refer to the first and the second
optical path 20, 22 respectively. Regarding this, it is normal to
still refer to the first output of the optical beam splitter 14 as
the first optical path 20, and still refer to the second output of
the optical beam splitter 14 as the second optical path 22, so
that it is possible to express the output state of the optical

beam splitter 14 as 1/2(12,,0,}-10,,2,)), from which it can
be inferred that there is only one antisymmetric state with two
coalescent photons in output from the HOM interferometer 1.

More in detail, it is possible to remove the simplifying
assumption in which the first and second converted photons
have the same polarization, something that, in effect, does not
occur in the case where, as shown in FIG. 1, they are gener-
ated by the crystal 4 through type-II spontaneous parametric
down-conversion. In fact, in this case, the pump photon is
annihilated and the first and second converted photons are
generated with orthogonal polarizations; in other words, if
one of the first and second converted photons propagates
along the first optical path 20 with horizontal polarization, the
other photon propagates on the second optical path 22 with
vertical polarization, or vice versa.

In particular, in the case of so-called type-II spontaneous
parametric down-conversion, it is found that the first and
second converted photons are orthogonally polarized and
satisfy the so-called phase-matching conditions, i.e. the con-
ditions of conservation of energy and linear moment.

It thus occurs that one of the first and second converted
photons is polarized in a direction parallel to the optical axis
of the crystal 4, also known as the extraordinary direction,
while the other is polarized in a direction perpendicular to the
optical axis of the crystal 4, also known as the ordinary
direction. Furthermore, due to conservation of the linear
moment, as shown in FIG. 2, the first and second converted
photons are respectively emitted along a first and a second
emission cone 34, 36, respectively corresponding to the
extraordinary direction and the ordinary direction.

More in detail, assuming the degenerate case, namely the
case where the first and second converted photons both have
frequencies equal to half of the frequency of the pump pho-
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ton, the first and second converted photons emerge from the
crystal 4 forming a precise angle, for example, respectively
equal to £3°, with respect to the direction of propagation of
the pump photon, as shown in FIGS. 2 and 3 for example.

The first and second emission cones 34, 36 intersect along
a first and a second line 38, 40, along which it is therefore
possible to detect both the first and the second converted
photons. In other words, along the first and second lines 38, 40
it is possible to detect polarized photons both along the
extraordinary direction and along the ordinary direction.
Therefore, the HOM interferometer 1 is such that the first and
second optical paths 20, 22 respectively lie along the first and
second lines 38, 40, which undergo obvious changes follow-
ing the interaction of the first and second emission cones 34,
36 with the components of the HOM interferometer 1, such
as, for example, the first and second mirrors 10, 12.

That having been said, using the term “extraordinary pho-
ton” to indicate the photon, of the first and second converted
photons, polarized parallel to the optical axis of the crystal 4,
and using the term “ordinary photon” to indicate the photon,
of the first and second converted photons, polarized perpen-
dicularly to the optical axis of the crystal 4, it is possible to

discriminate between state le,}lo,) and state lo,)le,). In
other words, it is possible to distinguish a scenario in which
the extraordinary photon (also known as the “signal”) and the
ordinary photon (also known as the “idler”) respectively
propagate along the first and second optical path 20, 22 (state

le,}lo,)) from a scenario in which the extraordinary photon
and the ordinary photon respectively propagate along the

second and the first optical path 22, 20 (state lo, } le,)). This is
due to the fact that the extraordinary photon and the ordinary
photon propagate in the crystal 4 with different group veloci-
ties, and so the corresponding emissions are temporally dis-
tinguishable.

In practice, the input state to the optical beam splitter 14 is
still coherent and can be expressed as:

M

le)lo), + &'%]o), le),

V2

where ¢ is a function of the phase shift introduced by the
polarization phase-shifter 8.

In practice, by means of the delay line 6 and the polariza-
tion phase-shifter 8, it is possible to control the input state to
the optical beam splitter 14, as well as the superposition of the
wave function of the two-photon system on the optical beam
splitter 14.

For example, when ¢=0, the input state is symmetric and so
coalescence of the photons occurs. Here, ¢ is such that the
condition ¢=0 is obtained when the delay introduced by the
delay line 6 is sufficient to compensate the difference in
optical length between the first and second optical paths 20,
22, and when the polarization phase-shifter 8 is inactive.

Conversely, in the case where ¢=m, the following is
obtained:

@

ledilo), —lo)ile)r

V2

namely an antisymmetric state is obtained, also known as a
singlet state. In particular, relation (2) can also be expressed
as:
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where subscripts “1”” and “2” still refer to the first and second
optical paths 20, 22 and subscripts “e” and “0” refer to the
extraordinary photon and the ordinary photon.

It can then be checked, both mathematically and experi-
mentally, that the singlet state does not change, i.e. that the
state on output from the optical beam splitter 14 still takes
form (2), equivalent to form (3).

Therefore, the coalescence of the extraordinary photon and
the ordinary photon does not occur in output from the optical
beam splitter 14. Conversely, anti-coalescence occurs, since
the extraordinary photon and the ordinary photon are always
present on different outputs of the optical beam splitter 14. In
other words, the optical beam splitter 14 implements a pro-
jection of the input state in the symmetric and antisymmetric
subspaces, this projection also being known as Bell measure-
ment.

By way of example, anti-coalescence can be detected, as
shown in FIG. 4, by using a third and a fourth photodetectors
42, 44, and two further optical beam splitters, which are
referred to as the first and second measurement splitters 46,
48. In particular, the first and second measurement splitters
46, 48 are polarizing optical beam splitters, each of which is
able to let one of either the extraordinary photon or the ordi-
nary photon pass through and to reflect the other one, so as to
spatially separate the extraordinary photon and the ordinary
photon. For example, the first measurement splitter 46 can be
arranged on the first output of the optical beam splitter 14 in
a manner such that, in the case where the extraordinary pho-
ton or the ordinary photon emerge from the first output of the
optical beam splitter 14, they are respectively directed
towards the first photodetector 30 and the third photodetector
42.

Similarly, the second measurement splitter 48 can be
arranged on the second output of the optical beam splitter 14
in a manner such that, in the case where extraordinary photon
or the ordinary photon emerge from the second output of the
optical beam splitter 14, they are respectively directed
towards the second photodetector 32 and the fourth photode-
tector 44.

In practice, by counting the readings of the first, second,
third and fourth photodetectors 30, 32, 42, 44, it is possible to
determine measurements related to the so-called probabilities
lelo, 1e20, 2elo and 2e20, i.e. the probabilities that:

both the extraordinary photon and the ordinary photon are
on the first output of the optical beam splitter 14;

the extraordinary photon and the ordinary photon are,
respectively, on the first and the second output of the
optical beam splitter 14;

the extraordinary photon and the ordinary photon are,
respectively, on the second and the first output of the
optical beam splitter 14; and

both the extraordinary photon and the ordinary photon are
on the second output of the optical beam splitter 14.

More in detail, the description concerning the input state to
the optical beam splitter 14 can be rendered mathematically
more accurate in relation to the physical phenomenon. In fact,
by considering the longitudinal components of the electro-
magnetic fields associated with the photons, the emission
state from the crystal 4 can be expressed as:
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) = ﬁf dzf deEE;’)(Vp)eWPAZ 4
-L 0
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vy + 8
v+ 2ot

oy

where C is a constant that depends on the power of the optical
source 2, the interaction volume of the pump photons with the
crystal 4 and the second-order, non-linear, effective tensor of
the crystal 4. In addition, Ep(+)(v ,) 1s the spectral distribution
of'the pump, namely of the electromagnetic radiation emitted
by the optical source 2, €, is the central pump frequency and
L is the length of the crystal 4, measured along the propaga-
tion direction of the pump. Moreover, &,,T and a,," are the
creation operators related to the extraordinary photon and to
the first and second optical paths 20, 22, respectively; o ol
and &,, T are the creation operators related to the ordinary
photon and to the first and second optical paths 20, 22, respec-
tively. The following also hold:

®
©

where u , u, and u,, are the group velocities in the crystal 4 of
the pump, the extraordinary photon and the ordinary photon,
respectively.

In practice, equation (4) permits revealing observance of
the energy conservation condition in the generation process
of the extraordinary photon and the ordinary photon.

The output state from the optical beam splitter 14 can thus
be expressed as:

0
,5(,,2]5 00 00
) = Ce 2 fdzf Ay EO )eivp(/\zg)f dve- Dy
= = pLp (Vp
2 L 0 —eo

o

(& ™)+

10)

(@ F &)

where symbol “+” is intended to be “+” in the case when ¢=o0
(symmetric input state) and “~” when ¢=n (antisymmetric
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input state); furthermore, in equation (7), C is a time that is a
function of the delay introduced by the delay line 6.

The above-mentioned (normalized) probabilities lelo,
1e20, 2elo and 2e2o, hereinafter respectively indicated as
HOM,,,,, HOM, ,,,, HOM,,, , and HOM,_, , can thus be
expressed as:

1 S\ 202 ,Aigz] ®
— Aq_2 Pp2
HOM1,(5) = 4[1 £ Tri{ e POTS .
1 [ G\ 202 Aigz]
P T [ Pp2
HOMio(s) = 7|1 % Trz(DL)e pZs |
1 S\ —202 /ﬁgz]
— 1= -2 Pp2
HOMz01(9) = 5 [1 F Trz(DL)e
1 ¢\ 202 /ﬁgz]
P— P Pp2
HOMiy,(S) = 4[1 + Trz(DL)e pz% |,
where the following holds:
1 9
0 for |x| > 3 ©
Trix) = |
(1-2|x|) for |x| = 3

As shown in FIG. 5, in the case where the input state is
symmetric, it is found that the probabilities (more precisely,
the corresponding probability density functions) HOM,, ,
and HOM,,, have a maximum of 0.5 when C=0. In other
words, coalescence occurs, since the first and second con-
verted photons are on the same output of the optical beam
splitter 14, which, with a probability of 0.5, is the first output
or, with the same probability, is the second output of the
optical beam splitter 14.

As shown in FIG. 6, in the case where the input state is
antisymmetric, it is found that the probabilities HOM, ,, , and
HOM,,,,, are null when £=0. In other words, anti-coalescence
occurs, since the extraordinary photon and the ordinary pho-
ton are never present on the same output of the optical beam
splitter 14.

From a practical standpoint, the HOM interferometer 1 has
been used, among other things, in measuring the temporal
uncertainty associated with the emission of a pair of photons
by spontaneous parametric down-conversion, which is typi-
cally less than a picosecond. Still by way of example, the
HOM interferometer 1 has also been used to test the Bell
inequalities, to measure the tunneling time of the photons, to
perform quantum teleportation, and even to build quantum
logic gates, to clone quantum states and to implement quan-
tum key distribution schemes.

Even though the HOM interferometer 1 enables generating
the coalescence of two photons and consequently lends itself
to various applications based on the quantum characteristics
of' matter, it does not allow its outputs to be controlled, i.e. the
probabilities with which the two coalescent photons appear
on the first or on the second output of the optical beam splitter
14.

SUMMARY

An object of one or more embodiments of the present
invention is to provide an interferometer that at least partially
resolves the drawbacks of the known art. According to one or



US 9,279,656 B2

9

more embodiments of the present invention, an interferom-
eter and method for controlling the coalescence of a pair of
photons are provided.

In an embodiment, an interferometer for controlling the
coalescence of a pair of photons includes an optical source
configured to generate a first pump pulse and a second pump
pulse coherent with each other and shifted in time by a delay.
The interferometer includes first interferometric means con-
figured to receive the first pump pulse and generate an anti-
symmetric state with two coalescent photons (1V2(12,,

0,)-10,,2,))), and second interferometric means configured
to receive the second pump pulse and to generate a symmetric

state with two coalescent photons (1//2-(12,,0,)+10,,2,))).
The first and second interferometric means are connected so
that the interferometer is configured to output a final state
equal to a weighted sum of the antisymmetric state and the
symmetric (ANZ-(12,,0,) +10, 2, )+ = 1N2-(12,,

0,)-10,,2,))), the weights of the sum being a function of the
delay.

state

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention, some embodi-
ments will now be described, purely by way of non-limitative
example and with reference to the attached drawings, where:

FIGS. 1 and 4 show block diagrams of a known type of
interferometer;

FIG. 2 schematically shows a perspective view of a crystal
of the interferometer shown in FIGS. 1 and 4, and of two
emission cones, related to an extraordinary photon and an
ordinary photon;

FIG. 3 shows a cross-section of the two emission cones
shown in FIG. 2, taken along a section line shown in FIG. 2;

FIGS. 5 and 6 show probability density functions related to
the outputs of the interferometer shown in FIGS. 1 and 4, in
the cases of symmetric and antisymmetric input states,
respectively;

FIG. 7 shows a block diagram of a first embodiment of the
interferometer according to the present invention;

FIG. 8 shows the envelope profile of a probability density
function related to the outputs of an interferometric sub-
system defined by a portion of the interferometer shown in
FIG. 7,

FIG. 9 shows probability density functions related to the
outputs of the interferometric subsystem;

FIG. 10 shows the envelope profile of a probability density
function related to the outputs of the interferometer shown in
FIG. 7,

FIG. 11 shows probability density functions related to the
outputs of the interferometer shown in FIG. 7;

FIG. 12 shows a block diagram of a second embodiment of
the interferometer according to the present invention;

FIG. 13 shows the envelope profile of a probability density
function related to the outputs of the interferometer shown in
FIG. 12; and

FIG. 14 shows probability density functions related to the
outputs of the interferometer shown in FIG. 12.

DETAILED DESCRIPTION

FIG. 7 shows an interferometer for controlling the coales-
cence of a pair of photons, indicated as a whole by reference
numeral 50 and which is henceforth referred to as the inter-
ferometer 50.
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In detail, the interferometer 50 comprises an optical source
51 of the coherent type, such as a laser source for example,
and an optical pump beam splitter 52, which together form a
pump photon generator 53.

In particular, the optical source 51 is able to generate elec-
tromagnetic pulses, for example, at a wavelength of 415 nm,
which are received by the optical pump beam splitter 52. In
detail, the optical pump beam splitter 52 has an input, on
which it receives electromagnetic pulses generated by the
optical source 51, and first and second outputs.

In use, for each electromagnetic pulse that impinges on its
input, the optical pump beam splitter 52 generates a corre-
sponding pump pulse, described further on, on each of the
first and second outputs.

The interferometer 50 also comprises a first crystal 54, a
first delay line 56, a first polarization phase-shifter 58, first
and second mirrors 60, 62 and an optical beam splitter that is
referred to as the first interferometer beam splitter 64.

The first delay line 56, in itself known and which will
henceforth be referred to as the first interferometer delay line
56, is of the optical type and is formed, for example, by an
optical trombone. In use, when it is passed through by a
photon, the first interferometer delay line 56 delays it for a
predetermined and electronically controllable time.

The first polarization phase-shifter 58, also of a type in
itself known, is formed, for example, by a birefringent crystal,
which, when passed through by photons, phase shifts them
differently according to the polarizations of the photons. Fur-
thermore, the first polarization phase-shifter 58 can be con-
trolled, by voltage for example, so as to vary the phase shift
that it introduces.

The first crystal 54 is an optically non-linear crystal, such
as, for example, a non-centrosymmetric crystal (for example,
a crystal of barium borate, BBO), and is arranged so as to
receive the pump pulses originating from the first output of
the optical pump beam splitter 52, which will henceforth be
referred to as first crystal pulses. Although not shown, the first
crystal pulses can be directed to the first crystal 54 in a manner
which is in itself known, for example, by opportune mirrors
and/or lenses and/or waveguides.

A first beam stopper 66 (optional) is arranged in front of
and aligned with the first crystal 54, having the function of
absorbing the photons of the first crystal pulses that pass
through the first crystal 54 without giving rise to phenomena
of spontaneous parametric down-conversion, as described
further on.

The first crystal 54 defines, together with the first interfer-
ometer delay line 56, the first polarization phase-shifter 58
and the first mirror 60, a first optical path 70, which connects
the first crystal 54 to the first interferometer beam splitter 64
in a way such that the first interferometer delay line 56 and the
first polarization phase-shifter 58 are interposed between the
first crystal 54 and the first mirror 60. The first crystal 54 also
defines, together with the second mirror 62, a second optical
path 72, which also connects the first crystal 54 to the first
interferometer beam splitter 64.

Although not shown in FIG. 7, the first and second optical
paths 70, 72 are arranged, in a manner which is in itself
known, along the intersections of the two emission cones
along which the first crystal 54 emits, following the phenom-
enon of spontaneous parametric down-conversion of a photon
of a first crystal pulse, the corresponding extraordinary pho-
ton and the corresponding ordinary photon. In these terms, it
can be assumed that the first crystal 54 has a first and a second
output, each one defined by a corresponding line between the
two lines of intersection along which the above-mentioned
two emission cones intersect. The first and second optical



US 9,279,656 B2

11

paths 70 and 72 originate respectively from the first and
second outputs of the first crystal 54; for the purposes of the
present invention, it is indifferent which of the first and sec-
ond optical path 70, 72 derives its origin from the first output
of'the first crystal 54 and which one derives it from the second
output. It should also be noted that, in FIG. 7, the angles
formed by the first and second optical paths 70, 72 are purely
qualitative.

The first interferometer beam splitter 64 is of the so-called
50/50 type and has a first and second input, and a first and
second output. For example, the first interferometer beam
splitter 64 can be formed by a pair of prisms.

As already mentioned, the first and second optical paths 70,
72 optically connect to the first interferometer beam splitter
64, defining precisely the first and second input, since, as
already established with regard to the HOM interferometer,
the term “input” means a corresponding direction of propa-
gation of an electromagnetic signal or photon that impinges
on the first interferometer beam splitter 64. The definition of
the first and second inputs of the first interferometer beam
splitter 64 also entails the definition of the first and second
outputs of the first interferometer beam splitter 64, which
imply corresponding directions of propagation of electro-
magnetic signals or photons that move away from the optical
beam splitter.

For completeness, hereinafter reference will be made to the
first output of the first interferometer beam splitter 64 to
indicate the direction of propagation taken by the photons that
impinge the first optical beam splitter 64 after having fol-
lowed the first optical path 70 and that pass through the first
interferometer beam splitter 64 without being reflected, this
direction of propagation being coincident with the direction
of'propagation of the photons that impinge on the first optical
beam splitter 64 after having followed the second optical path
72 and are reflected by it. Similarly, hereinafter reference will
be made to the second output of the first interferometer beam
splitter 64 to indicate the direction of propagation taken by the
photons that impinge on the first interferometer beam splitter
64 after having followed the second optical path 72 and that
pass through the first interferometer beam splitter 64 without
being reflected, this direction of propagation being coincident
with the direction of propagation of the photons that impinge
on the first optical beam splitter 64 after having followed the
first optical path 70 and are reflected by it.

The interferometer 50 also comprises a third and fourth
mirror 74, 76, a first and second compensation element 78, 80
(described in detail further on) and a second crystal 84, the
latter being an optically non-linear crystal, identical to the
first crystal 54 and oriented in the same manner. For example,
each one of'the first and second crystals 54, 84 is parallelepi-
pedal and is cut so that the optical axis forms an angle with the
longitudinal axis of the parallelepiped, for example, equal to
42°; in addition, these parallelepipeds obviously have the
same length.

In greater detail, the first and second compensation ele-
ments 78, 80 are each formed by a crystal identical to the
second crystal 84, with regard to both the material and the
geometrical shape; they therefore have the same length as the
second crystal 84. Furthermore, each of the first and second
compensation elements 78, 80 is rotated 90° with respect to
the second crystal 84; in particular, each of the first and
second compensation elements 78, 80 has a position (orien-
tation) that corresponds to the position of the second crystal
84, but rotated 90° with respect to the optical axis (whether
clockwise or anticlockwise is indifferent). In this way, down-
stream of the second crystal 84, the ordinary photon and the
extraordinary photon generated by the first crystal 54 main-
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tain the same time delay they have in output from the first
crystal 54, since each one passes through two birefringent
optical elements (the second crystal and, in alternative, the
first or the second compensation element) having ordinary
and extraordinary refractive indices exchanged between
them. In practice, the first and second compensation elements
78, 80 perform the function of making the output state from
the first interferometer beam splitter 64 temporally equal to
the output state from second crystal 84.

The third and fourth mirrors 74, 76 are arranged to receive,
respectively, the photons originating from the first and second
outputs of the first interferometer beam splitter 64, and to
reflect them in the direction of the second crystal 84.

In even greater detail, the first interferometer beam splitter
64, the third mirror 74, the first compensation element 78 and
the second crystal 84 form a third optical path 86, which
connects the first output of the first interferometer beam split-
ter 64 to the second crystal 84, and is such that the first
compensation element 78 is interposed between the third
mirror 74 and the second crystal 84. In practice, the third
optical path 86 is the continuation of the first optical path 70.

Similarly, the first interferometer beam splitter 64, the
fourth mirror 76, the second compensation element 80 and the
second crystal 84 form a fourth optical path 88, which con-
nects the second output of the first interferometer beam split-
ter 64 to the second crystal 84, and is such that the second
compensation element 80 is interposed between the fourth
mirror 76 and the second crystal 84. In practice, the fourth
optical path 88 is the continuation of the second optical path
72.

Similarly to what happens for the first and second optical
paths 70, 72, the third and fourth optical paths 86, 88 also
develop along two lines of intersection of the two emission
cones of the first crystal 54, which change, in a manner which
is in itself known, following interaction with the components
of the interferometer 50, and in particular following interac-
tion with the first and second mirrors 60, 62, the first inter-
ferometer beam splitter 64, the third and the fourth mirrors 76,
78, and the first and second compensation elements 78, 80.

The interferometer 50 also comprises a further delay line
89, which is henceforth referred to as the pump delay line 89.
This pump delay line 89 is arranged to receive the pump
pulses originating from the second output of the optical pump
beam splitter 52, which are henceforth referred to as second
crystal pulses, each of which corresponds to a respective first
crystal pulse. Moreover, the pump delay line 89 can be
formed in free space, for example, by using an optical trom-
bone, or can be of the guided type; in addition, in a manner
which is in itself known, the entity of the delay introduced by
the pump delay line 89, namely the time employed by the
photons to pass through the pump delay line 89, is variable in
an electrically controllable manner.

Independently of the constructional details, the pump
delay line 89 conveys the second crystal pulses to the second
crystal 84.

The interferometer 50 also comprises a further delay line
90, which is referred to as the second interferometer delay
line 90, and a second polarization phase-shifter 92, as well as
a fifth and sixth mirror 94, 96, and a further optical beam
splitter 98, which is referred to as the second interferometer
beam splitter 98. The second interferometer beam splitter 98
can be the same as the first interferometer beam splitter 64.

The second crystal 84, the second interferometer delay line
90, the second polarization phase-shifter 92, the fifth mirror
94 and the second interferometer beam splitter 98 form a fifth
optical path 100, which connects the second crystal 84 to the
second interferometer beam splitter 98, and is such that the
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second interferometer delay line 90 and the second polariza-
tion phase-shifter 92 are interposed between the second crys-
tal 84 and the mirror 94. In practice, the fifth optical path 100
is a continuation of the third optical path 86.

Furthermore, the second crystal 84, the sixth mirror 96 and
the second interferometer beam splitter 98 form a sixth opti-
cal path 102, which connects the second crystal 84 to the
second interferometer beam splitter 98. In practice, the sixth
optical path 102 is a continuation of the fourth optical path 88.

In even greater detail, the fifth and sixth optical paths 100,
102 optically connect to the second interferometer beam
splitter 98, defining the first and second inputs, in a similar
manner to what happens for the first and second optical paths
70, 72 and the first interferometer beam splitter 64.

Although not shown, the fifth and sixth optical paths 100,
102 are arranged, in a manner which is in itself known, along
the intersections of the two cones along which the second
crystal 84 emits, following the phenomenon of spontaneous
parametric down-conversion of a photon of a second crystal
pulse, the corresponding extraordinary photon and the corre-
sponding ordinary photon, in a manner similar to what hap-
pens on the first crystal 54 and the first and second optical
paths 70, 72. In addition, these intersections overlap the inter-
sections of the two cones along which the first crystal 54
emits, following the phenomenon of spontaneous parametric
down-conversion of a photon of a first crystal pulse, the
corresponding extraordinary photon and the corresponding
ordinary photon.

The interferometer 50 is also such that any photon origi-
nating from the third optical path 86 that impinges on the
second crystal 84 propagates, after having passed through the
second crystal 84, along the fifth optical path 100. In addition,
the interferometer 50 is such that any photon originating from
the fourth optical path 88 that impinges on the second crystal
84 propagates, after having passed through the second crystal
84, along the sixth optical path 102.

In practice, a photon originating from the third optical path
86 propagates, after having passed through the second crystal
84, along the same path followed by a photon generated by the
second crystal 84 through spontaneous parametric down-con-
version and propagated along the fifth optical path 100. Simi-
larly, a photon originating from the fourth optical path 88
propagates, after having passed through the second crystal 84,
along the same path followed by a photon generated by the
second crystal 84 through spontaneous parametric down-con-
version and propagated along the sixth optical path 102. Thus,
considering photons generated by the first crystal 54 and
photons generated by the second crystal 84, ifthe correspond-
ing first and second crystal pulses that generated them are
temporally delayed in a manner such as to compensate the
different optical lengths of the optical paths covered by the
photons generated by the first crystal 54 and by the photons
generated by the second crystal 84, it is not possible to deter-
mine, on the basis of the optical paths followed, which crystal
generated them.

For practical purposes, the first, third and fifth optical paths
70, 86, 100 are consecutive to each other and form a first
extended path, while the second, fourth and sixth optical
paths 72, 88, 102, also consecutive to each other, form a
second extended path.

The interferometer also comprises a second beam stopper
104, arranged in front of the second crystal 84 and having the
function of absorbing the photons of the second crystal pulses
that pass through the second crystal 84 without giving rise to
the phenomenon of spontaneous parametric down-conver-
sion.
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As described in detail in the following, coalescence control
is obtained on the first and second outputs of the second
interferometer beam splitter 98. To this end, in a manner
which is in itself known, it is possible to monitor the first and
second outputs of the second interferometer beam splitter 98,
for example through the first, second, third and fourth photo-
detectors 30, 32, 42, 44, as well as through the first and second
measurement splitters 46, 48 described in connection with the
HOM interferometer 1. In particular, in the example in FIG. 7,
the first and third photodetectors 30, 42 monitor the first
output of the second interferometer beam splitter 98, and
therefore the first extended path, while the second and fourth
photodetectors 32, 44 monitor the second output of the sec-
ond interferometer beam splitter 98, and therefore the second
extended path. It is assumed that the fifth optical path 100
passes through the second interferometer beam splitter 98 and
arrives to the first measurement splitter 46, and that the sixth
optical path 102 passes through the second interferometer
beam splitter 98 and arrives to the second measurement split-
ter 48.

Operationally, assuming a pair of first and second crystal
pulses that are mutually corresponding, namely generated by
the optical pump beam splitter 52 starting from the same
electromagnetic pulse, and referring to them respectively as
the symmetric pump pulse and the antisymmetric pump
pulse, the interferometer 50 behaves in the following manner.

In detail, one of the photons of the symmetric pump pulse
can generate, through spontaneous parametric down-conver-
sion inside the first crystal 54, a first extraordinary photon and
afirst ordinary photon, each of which can propagate along the
first or the second optical path 70, 72.

From a quantum viewpoint, the output state from the first
interferometer beam splitter 64 can be expressed as:

Iy = (10)

o2y fo - e
e i )
dzf deEg)(Vp)eW”(Azz)f dve P x
V2 -L —eo oo
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(@™ — e )

where subscripts “1” and “2” refer to the first and second
optical paths 70, 72, respectively (equivalently, to the firstand
second extended path), while subscripts “e” and “o” refer to
the first extraordinary photon and the first ordinary photon; in
addition, 6 is a time that is a function of the delay introduced
by the first interferometer delay line 56. In particular, 6 is such



that the condition 6=0 is obtained when the first and second
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optical paths 70, 72 have the same optical length.

Assuming that the first and second compensation elements
78, 80 and the second crystal 84 are absent, or rather assuming
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second interferometer beam splitter 98, subscripts “1” and

“2” refer, strictly speaking, to the first and second extended

paths.

that the interferometer 50 is a so-called Mach-Zender inter-
ferometer, it is possible to express the output state from the
second interferometer beam splitter 98 as:
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where T is a time that is a function of the delay introduced by
the second interferometer delay line 90. In particular, the

condition =0 is obtained when the fifth and sixth optical
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paths 100, 102 have the same optical length. It should also be
noted that when reference is made to the output states of the
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In the case where 8=0 and £=0, equation (11) becomes:

(12

In a manner in itself known, it is also possible to determine
the (normalized) probabilities lelo, le2o, 2elo and 2e2o,
henceforth respectively indicatedas MZ, ,, ,, MZ, ., MZ,_,,
and MZ,,,,, which can be expressed as:

a3
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-continued
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With reference to equations (13), FIG. 8 shows an envelope of
probability MZ | _, , as a function of T, obtained for Z=0. More-
over, FIG. 9, also obtained for 6=0, shows the probability
MZ,,,, (equal to probability MZ,_, ) and the probability
MZ, .., (equal to probability MZ,_, ).

In particular, FIG. 9 shows how it is possible to change the
symmetry of the output state from the second interferometer
beam splitter 98 by altering T (within the wavelength), i.e. by
altering the delay introduced by the second interferometer
delay line 90. In addition, it can be noted how probability
MZ,,,, is at its maximum and equal to 0.5 for T=0, i.e.
coalescence occurs. In other words, the first crystal 54, the
first interferometer delay line 56, the first polarization phase-
shifter 58, the first and second mirrors 60, 62, the first inter-
ferometer beam splitter 64, the third and fourth mirror 74, 76,
the second interferometer delay line 90, the second polariza-
tion phase-shifter 92, the fifth and sixth mirrors 94, 96 and the
second interferometer beam splitter 98 form a symmetric
state interferential device I, the output state of which is a
symmetric state with two coalescent photons, which can be
expressed in a simplified manner (without considering the

difference in polarization) as 1/VZ(12,,0,)+10,,2,)).

Upon removing the assumption that the first and second
compensation elements 78, 80 and the second crystal 84 are
absent, the following occurs.

Operationally, one of the photons of the antisymmetric
pump pulse can generate, through spontaneous parametric
down-conversion inside the second crystal 84, a second
extraordinary photon and a second ordinary photon, each of
which can propagate along the fifth or the sixth optical path
100, 102, namely along the first or the second extended path.
In practice, the second crystal 84, the second interferometer
delay line 90, the second polarization phase-shifter 92, the
fifth and sixth mirrors 94, 96 and the second interferometer
beam splitter 98 form an antisymmetric state interferential
device I ,, in a certain sense “cascaded to” the symmetric state
interferential device I,. More precisely, the antisymmetric
state interferential device I, shares outputs with the symmet-
ric state interferential device I, namely the second interfer-
ometer beam splitter 98, as well as the second interferometer
delay line 90 and the second polarization phase-shifter 92.
Furthermore, the antisymmetric state interferential device I,
is a Hong-Ou-Mandel interferometer and as such provides, on
its own, an antisymmetric state with two coalescent photons,
which can be expressed in a simplified manner as 1/2(12 1>
0,)-10,,2,)).

In greater detail, indicating with T a time that is a function
of the delay introduced by delay line 89, namely the delay
with which the antisymmetric pump pulse impinges on the
second crystal 84 with respect to the time at which the sym-
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metric pump pulse impinges on the first crystal 54, the output
state from the second interferometer beam splitter 98
becomes:

a
e UKol KolLe) Mi'ﬁzg(Zr—d—g) (14)

) =

f+mdve7iuv(z+é#) X X
o

vp + 0y ]
+ 2P
2
(@ — &) 4 g5
5 vp + 0, )
L2
alg(v 3
vp + £
FY (—v + %] +
5 vp + 0, ]
L2
azg(v 3

v, + 0
o (—v+—p p]

+

lo

2
(vp+np]
R
(ewd +e—m7)
vptlp
e 2
ot vp + 0y
Al V

(& — &) _ 5]

Cef‘i(%g ]g 0 oo X e
Tf de vy D ()0 2)
-L —oo



US 9,279,656 B2

19

20

-continued -continued
g(v Lt Q"] ,‘Té[A(M zgéﬂiur]
: Tri((9+g) ey .
Yty 2DL 2 2
vy + £ +
a;E(v.;_ L2 5 p] 7531[&07;) 2GL+L7 —G— Zr]
+Q Tri((9_g) e’ "
N v, e Y2
“20(‘” 5 p] 2pL bl 2]
oo 10 e
) € +e) +
dve PV x S [0)
v
. a’{g(v ? ”] 20— ¢
2 Cos Qp( 3 ) 2K, +K,)
+ vp+ 8
az"(_v T2 )_ 15
B vp + 0y ]
azg(v + B
v+ Q)
&Io(—v+—p 5 p]
o2
(eivg _efiv§) 20 o ef—%[%(ﬂ)ﬁgizr] _
ZT”(ZDL) oZia 2GL+0 ooy
o Flpo- sz
where, indicating the extraordinary and ordinary refractive
indices of the first crystal 54 as n, and n_, gives ( g g) o E| Do
25 Tril —=
2DL 8752;21[%(0 o 2GLi20;21]
L0 o) 1
Ke—nz", ; "2 ”,G—(—+—), ,"2[ (MJQLﬁzr]
c ¢ U, U, d+cile -
Tri| =—
30 (ZDL) Jrz[ . ggLﬁ 2r]2
. . e
and L is the length of the first and second compensation
elements 78, 80.
. . . . e e
. It is also possible to determine the (normalized) .proba.bll} (e, 0. ) = COS[ Qp( T §] LK. 4K, )]
ties lelo, 1e20, 2elo and 2e20, henceforth respectively indi- 35 2
catedasP,,,,, P, .20 Pao1, and P, 5, which can be expressed
as: e ks .
Tri((9 * g) +
2DL 2
0 e,fizz[%(g+g)+,2§;¢§¢5 2r]
2HOM; 4o (S) + 2MZigj5 (9, §) = 1igjo (7, 8, ) (15) ) » -
Piejo(8) = 3 B[00 20
2 [2HOMijo(S) + 2MZigio (0, §) — Ligio (T, 8, §)] T”.((?—g) e 21P z +
L1
2DL 2
e,fzz[%(g o) 2oLt
o1 . . €199 1 ciny9s 45
where the indices i and j can assume values of “1” or “2”, and
where the following hold:
2r—0+¢
50 Cos[ﬂp(T) —2L(K, + Ko)]
2r—-¢-¢ (16)
heto(r. 0,51 = Cosl 0, 75 ) 214k, + ) i fbone Kt
Bl [
Tri(—(9 ) +
R R TV  caR S :
- 55 [pE+or+ |
(B ,z,G,,Lﬂtsﬁr] . e
d+gye ? +
Tri + oA 26Liose
(ZDL) 7231[%(&;”2@&[&5 21] . _((9_§) 87—7—[17(0,;) ] +
[ Fl| ——
+ 2DL 2 2
A 26L+9-5-2 2| Bo-gy 2ok sr]
o3[ plore- 2 ] + e
- ( ¢- c) 60
Fl| ——
2DL 2
ef,zz[/\(g o 0L
2r-gug Cos|0,(Z=2) <214k, + &
COS[Q( - ] UK +1<)] 65 OS[ ( 7 ]_ LK+ ")]

+




2T -
heso(r.0,5) = Cosl o, T

21

-continued

e 2 [poro+ 2=

L [oee-20

§_§)—2L(1<g +1<0)]

P [os)- 20015 ]

s +
2GL+0+; 2r ]

2GL+0+; 2r ]

TP | or 2Lt

27wog
COS[QP(TT”) Z2L(K, + Ko)]

heno(r. 8.5) = —COs[np(

+

2
’T[Dw o 2GL+172 G- 2r]

p(ZT—z_&) -2L(K, + Ko)]

_ ,e[%wzggizrf

A
e 2 [poro+ 2=

2
PRIV AR

2r—-¢-¢

3 ) —2L(K, + Ko)]

2
[Bo—sr 2R

2GL+17 21]

]2

B[R
[ ] _

2
2GL+9-21
g
2
2GL-9-21
et

2GL+17 21]

]2

+

w

10

15

20

25

30

35

40

45

50

55

60

65

US 9,279,656 B2

22

-continued
2GL+0+; 2r ]

+Tri(%)

e

2 2

o

PIA 2GLAd+5-21
7——[ 50+ - ]

d-g efvglg(g’g)’gg&%tﬂ]z _
7557 )

TP (B0 20t 2r]2

2
‘Tp[/\ 2GLA+6-5-21
A LTIV —————7————]
d+c|e 2D _
+Tri( g) +
2DL -

2 2
A 2GL+0-g-2
,,,B[ﬁ(g+g) ,,,,i,,i T]
o3 2GL+¢ 2 ?
PIA +0—-g—2T
2 [E [ ] -

2
A 2GLA0-g-2
5 [Df(d g)Jr————i——g T]

2GL+0 2r]
2
,ZQL&B]
2
2 [50- g)ﬁ,@ih] ~

2
- 2GLAo-2t ]
2

(ragys 2G0T ] B

2
o Flporsr-25%)

With reference to equation (15), FIG. 10 shows an envelope of
probability P, ,, , as a function of T, obtained for 6=0 and £=0.
Moreover, FIG. 11, also obtained for 6=0 and =0, shows,
as a function of't, the probability P, ,, ., namely the probabil-
ity of having an extraordinary photon—ordinary photon pair
on the first output of the second interferometer beam splitter
98, and the probability P,,,,, namely the probability of hav-
ing an extraordinary photon—ordinary photon pair on the
second output of the second interferometer beam splitter 98.
In detail, both probability P, ,,  and probability P, _,  have
an oscillating trend and are in the range between 0 and 1. In
particular, for =0 and 6=0, the output state from the second
interferometer beam splitter 98 can be expressed as:

LVZ(12 1,050 +10 1,2, e TV (12,0, ~10,,2,)) 17

i.e. the weighted sum of a symmetric state with two coales-
cent photons and an antisymmetric state with two coalescent
photons. The weight of the symmetric state with two coales-
cent photons is unitary, while the weight of the antisymmetric
state with two coalescent photons is a function of T, i.e. it
depends on the delay introduced by the pump delay line 89.

It should be noted that in order to pump the first and second
crystals 54, 84 in a coherent manner, the pump delay line 89
is sized such that T does not exceed the characteristic coher-
ence time of the electromagnetic pulses emitted by the optical
source 52; in this way, the pulses of each pair of first and
second crystal pulses are mutually coherent. In addition, T is
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chosen so that the value =0 corresponds to the case where the
first extraordinary photon and the first ordinary photon pos-
sibly generated by the first crystal 54 impinge on the second
crystal 84 simultaneously with the antisymmetric pump
pulse.

Since the delay introduced by the pump delay line 89 is
electronically controllable, in a manner which is in itself
known, it is therefore possible to control the output state from
the interferometer 50.

In other words, by altering the temporal phase shift
between the symmetric pump pulse and the antisymmetric
pump pulse, it is possible to control the probabilities with
which the pair of coalescent photons appear on the first or on
the second output of the second interferometer beam splitter
98.

It may also be noted that the description provided for the
embodiment shown in FIG. 7 can be extended in the case
where phenomena of type-I spontaneous parametric down-
conversion occur inside the first and second crystals 54, 84,
i.e. phenomena where the generated photons have the same
polarization. In this case, the first and second measurement
splitters 46, 48 are replaced by corresponding substitutive
optical beam splitters, of the 50/50 type, while the first and
second compensation elements 78, 80 are absent; in addition,
two narrow-band interference filters, centred on the wave-
length of the photons emitted through spontaneous paramet-
ric down-conversion, are interposed between the second
interferometer beam splitter 98 and the substitutive optical
beam splitters.

According to a different embodiment, still regarding the
case of type-1I spontaneous parametric down-conversion, itis
also possible to replace the first interferometer beam splitter
64 with a substitutive optical beam splitter 645 is of the
polarizing type, as shown in FIG. 12. Instead, the second
interferometer beam splitter 98 continues to be of the 50/50
type.

In this case, the output state of the second interferometer
beam splitter 98 becomes:
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Theprobabilities P, ., Py 5., Ps.;, and P, ., cantherefore
be expressed as:

2HOMiejo(S) + 2MZigjo (9, §) = ligjo (7, 8, ) 19

Pieio(S) =

2
2 [HOMigjo(S) + PBMZigjo (9, §) — liejo (7, 0, )]
ij

where the indices i and j can assume values of “1” or “2”, and
where the following hold:

o2 A2 2 (20)
HOM (<) = 1+Tri(DiL)e 2pprs

o2 A2 2
HOMapo(S) = 1+Tri(DiL)e 2pp2s

g2 !
HOM 10,(S) = [1 - Tri(D—L)e ¥

. 2
HOMayo(S) = [1 - Tri(DiL)e 27ppzs

6\ Thpas 2

PBMZip10(8, ) = 1 + Cos(npg)Tri(D—L)e’T( D)

& ‘737 SAT_ 2

PBMZy2y(8, 6) = 1 +Cos(np§)Tri(D—L)e’T( 54

& ‘Tﬁ SAT_ 2

PBMZ120(8, ¢) = 1 —Cos(npg)Tri(D—L)e’T( 54
2

9 Tp AG 2

PBMZy1, (8, 6) = 1 — Cos(ﬂpg)m(D—L)e”z*p(z'ﬁ’i)
2r-¢-g

heto(7: 0, ) = ~laea(r. 0, 6) = —Sin[np( ] —2LK, + 1@)]

2
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Withreference to equation (19), FIG. 13 shows an envelope
of probability P, ,,, as a function of T, obtained for 6=0 and
£=0. Moreover, FIG. 14, also obtained for 6=0 and =0,
shows, as a function of T, the probabilities P, , , and P, _,,. In
practice, the output state from the second interferometer
beam splitter 98 can be expressed by formula (17) for the
second embodiment as well.

The advantages that can be obtained with the present inter-
ferometer clearly emerge from the foregoing description. In
particular, the present interferometer enables controlling the
coalescence of a pair of photons, and in particular the prob-
abilities with which a pair of coalescent photons is emitted
from the first or from the second output of the second inter-
ferometer beam splitter 98. In other words, the present inter-
ferometer functions as an electronically controllable two-
photon switch.

Finally, it is clear that changes and modifications can be
made to the described interferometer without leaving the
scope of protection of the present invention.

The invention claimed is:

1. An interferometer system comprising:

an optical source configured to generate a first pump pulse

and a second pump pulse coherent with each other and
shifted in time by a delay;

a first interferometer configured to receive the first pump

pulse and generate an antisymmetric state with two coa-

lescent photons (1/V2(12,,0,) _0,,2,))); and
a second interferometer configured to receive the second
pump pulse and to generate a symmetric state with two

coalescent photons(1/V2:(12,,0,) , 0,,2,))) ;

said interferometer system being configured to control the
probabilities with which two coalescent photons are
emitted from a first output or a second output of the
second interferometer;
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wherein the first and second interferometers are connected
so that the interferometer system is configured to output
a final state equal to a weighted sum of the antisymmet-

ric state and the symmetric state (l/\/7~(l21,02)+I01,

2,)+e1INZ, +(12,,0,)-10,,2,))), the weights of the
sum being a function of the delay,

wherein the first and second interferometers define a first

optical path and a second optical path; and wherein the
second interferometer comprises a first crystal of the
optically non-linear type and configured to receive the
second pump pulse, and first and second optical beam
splitters, the first and second optical paths extending
between the first crystal and the second optical beam
splitter, the first optical beam splitter being interposed
between the first crystal and the second optical beam
splitter, and being crossed by the first and second optical
paths.

2. The interferometer system according to claim 1, wherein
the first interferometer comprises the second optical beam
splitter and a second crystal of the optically non-linear type
and configured to receive the first pump pulse, the second
crystal being crossed by the first and second optical paths and
being interposed between the first and second optical beam
splitters.

3. The interferometer system according to claim 2, wherein
the first and second crystals are adapted to emit a first and a
second pair of photons, respectively, upon the reception of the
second and first pump pulses, respectively; and wherein the
first and second optical paths are such that, considered any
one of the first and second pairs of photons, a photon of the
considered pair is emitted along the first optical path, and the
other photon is emitted along the second optical path.

4. The interferometer system according to claim 3, wherein
the second interferometer comprises first optical delay means
arranged along the first optical path, interposed between the
first crystal and the first optical beam splitter, and adapted to
delay in an electronically controllable manner the photon of
the first pair of photons that propagates along the first optical
path.

5. The interferometer system according to claim 4, wherein
the first interferometer comprises second optical delay means
arranged along the first optical path, interposed between the
second crystal and the second optical beam splitter, and
adapted to delay in an electronically controllable manner the
photons of the first and second pairs of photons that propagate
along the first optical path.

6. The interferometer system according to claim 2, further
comprising first and second birefringent optical elements, the
first and second crystals and first and second birefringent
optical elements having respective optical axes; the first and
second birefringent optical elements are arranged along the
first and second optical paths, respectively, are interposed
between the first and second crystals and have the same
length, equal to the length of the second crystal, each of the
first and second birefringent optical elements further having a
position that corresponds to the position of the second crystal,
rotated by approximately 90° about the optical axis.

7. The interferometer system according to claim 1, wherein
the first optical beam splitter is of the polarizing or 50/50 type.

8. The interferometer system according to claim 1, wherein
the first interferometer forms a Hong-Ou-Mandel interferom-
eter.



